Abstract-We tested the hypothesis that heterogeneity in the frequency of miniature synaptic activity reflects differences in the number of vesicles present in presynaptic terminals. Using imaging techniques, we measured dendritic miniature synaptic calcium transients attributed to the spontaneous release of single transmitter quanta. Following imaging, the identified neurons were processed for serial transmission electron microscopy. At sites of quantal Ca 2ϩ transients mediated by N-methyl-d-aspartate receptors, we confirmed the presence of excitatory synapses and measured the total number of vesicles and the number of docked vesicles.
Studies using electron microscopy (EM) have indicated that the morphology of cortical excitatory glutamatergic synapses is highly variable. 19 Bouton size, vesicle number, vesicle diameter and postsynaptic spine volume vary widely within a relatively homogenous population of neurons. 36, 41 It has been hypothesized that structural differences between synapses underlie some of the functional differences that are observed between neurons. 6, 11, 24 Accordingly, it is necessary to assess both synaptic structure and function at single CNS synapses.
We have recently described techniques to compare structure and function at multiple synapses along a region of dendrite. 26 Using Ca 2ϩ imaging, we measured the Nmethyl-d-aspartate (NMDA) receptor-mediated component of spontaneous miniature excitatory postsynaptic currents (mEPSCs), termed the miniature synaptic Ca 2ϩ transient (MSCT). 31, 32 Calcium imaging provides a method to localize synaptic responses to particular dendritic spines. 29, 31, 34 Sensitivity to the NMDA receptor antagonist d,l-APV suggested that under the conditions we have used, Ca 2ϩ transients associated with miniature synaptic activity are largely attributed to NMDA receptors. 31, 48, 34 We have previously reported a positive correlation between the MSCT amplitude and mEPSC amplitude, 32 indicating that Ca 2ϩ imaging can be used to evaluate the local characteristics of synaptic events. Following MSCT imaging, we performed serial reconstruction of transmission EM images to identify synapses at the origins of the Ca 2ϩ transients. This enabled the ultrastructural characterization of the specific synapses where MSCTs were measured. Using these techniques, we have previously reported that synapse size correlated positively with the amplitude of the NMDA component of the quantal postsynaptic response, suggesting that synapse size may place a limit on the number of postsynaptic receptors. 26 In the present report, we explore the relationship between MSCT frequency and the ultrastructure of the presynaptic terminals. We report that the number of vesicles present in a presynaptic terminal does not correlate with MSCT frequency. Furthermore, we find no relationship between MSCT frequency and the number of docked vesicles. Therefore, the frequency of miniature activity is controlled by other factors at these synapses; we discuss alternative possibilities.
EXPERIMENTAL PROCEDURES
The experimental procedures have been described in detail previously. 26 In brief, cortical neurons and glia were dissociated from 17-18 day gestation Wistar rat fetuses, placed in culture and allowed to mature for 17-26 days in vitro. All experiments strictly followed the Canadian Council on Animal Care guidelines; the protocols used were approved by the Committee on Animal Care (The University of British Columbia; animal care certificate A95-0296). Whole cell patch clamp recordings were used to load neurons with the fluorescent dyes fluo-3 and furaptra. The patch pipette solution contained (in mM): 3-5 fluo-3 K ϩ salt, 5 furaptra K ϩ salt (relatively Ca 2ϩ insensitive and used to view basal fluorescence), 92 KMeSO 4 , 20 NaCl, 5 Mg-ATP, 0.3 GTP, 10 HEPES, and 0.3-0.8% Biocytin HCl (pH 7.3; 280 mOsm; adjusted with KMeSO 4 ). After neurons were loaded (about 2-4 min of perfusion), the electrode was removed and the cells were allowed to recover in the presence of 0.3 mM tetrodotoxin (TTX) containing saline for 1-2 h. To view processes under baseline conditions and to correct for process volume and cell loading (see below), the fluorescent Ca 2ϩ indicator furaptra (excitation 380 nm) was co-injected with fluo-3 (excitation 480 nm). Furaptra was chosen for its high fluorescence signal at basal [Ca 2ϩ ], its low affinity for Ca 2ϩ with little attendant buffering, and its distinctive spectrum that did not contaminate fluo-3 signals. A single furaptra image (average of 30 images acquired over 1 s) was taken for every trial following 10 s of fluo-3 calcium imaging. The furaptra signal was corrected for autofluorescence by subtracting the average background pixel value (adjacent to a dendritic region). Background fluorescence was highly stable and did not exhibit rapid changes which resemble those during MSCTs. Measurement boxes (1.4-2 mm 2 ) were placed over the furaptra image of a spine or dendrite of interest, and boxes with the identical coordinates were used for analysis of fluo-3 fluorescence changes (DF 480 ). Fluo-3 fluorescence signals were considered miniature synaptic calcium transients (MSCTs) if at least four consecutive measurements were 1 standard deviation (SD) above baseline fluo-3 fluorescence. The MSCT initiation time was defined as the first point above baseline; the initiation site of the MSCT was identified by the earliest rise in fluorescence. In almost all cases, the site of MSCT initiation was associated with a clear morphological feature such as a varicosity or spine. Ca 2ϩ responses were calculated for individual trials within 1.4-2.0 mm 2 regions surrounding sites of MSCT origin (spines). Ca 2ϩ responses were quantified by measuring the change in fluo-3 fluorescence (DF 480 ) scaled to spine volume (F 380 ; basal furaptra fluorescence) as previously described in detail. 26 
Electron microscopy
Following MSCT imaging, preparations were fixed with 4% paraformaldehyde and 0.2-0.5% glutaraldehyde in 0.1 M Sörensen's Na ϩ phosphate buffer (pH 7.2-7.4, 1.5 h, room temperature (RT), rinsed briefly in Dulbecco's phosphate-buffered saline (DPBS), permeabilized in 0.1-0.2% Triton X-100 in DPBS (3-4 min, RT), washed with DPBS (3-5 volumes over 5 min, RT) and blocked in 2.5% normal goat serum in DPBS (4-12 h, 48ЊC). Specimens were then washed with DPBS (3-5 volumes over 30 min, RT), incubated with Vector Labs A/B reagent (avidin/biotinylated peroxidase complex; 1 h, RT), washed with DPBS (3-5 volumes over 30 min, RT), and incubated in 0.5 mg/ml diaminobenzidine (DAB) and 0.015% H 2 O 2 in DPBS for 2-5 min (RT; intensity monitored to prevent over-staining). DPBS washing (5 volumes over at least 30 min, RT) was followed by further fixation in 2.5% glutaraldehyde in 0.1 M Sörensen's buffer (pH 7.2-7.4, 1 h, on ice), washing in the same buffer (3 volumes over 30 min, on ice). Preparations were then postfixed in 1% OsO 4 in the same buffer (1 h, on ice). Following a final Sörensen's buffer wash (3 volumes over 30 min, on ice), cultures were dehydrated in a graded ethanol series (50, 70, 85, 95, 100%) and flat embedded in Spurr resin on Aclar plastic (Proplastics, Linden, NJ, U.S.A.). Following polymerization, areas containing single stained neurons were excised, separated from the Aclar and mounted on blank blocks. Serial sections of ϳ70 nm thickness were collected on pioloform or Formvar-coated single slot grids, stained with 3% aqueous uranyl acetate (UA) or 5% UA in 20% MeOH, followed by lead citrate, then examined at 80 keV in a Zeiss EM 10ЊC STEM. A montage of low-power electron micrographs (8000 × ) was aligned with fluorescence and bright-field images. From this overlay, it was possible to identify DAB-stained dendritic spines where MSCT events had occurred. Staining selectivity arises since both the Ca 2ϩ indicators and biocytin are injected into a single neuron.
Analysis of the serial electron micrographs was used to reconstruct 20 synapses from four neurons. Synapses were identified by the presence of pre-and postsynaptic membrane apposition, synaptic cleft thickening, a presynaptic para-membranous density, and clustering of at least three vesicles near the presynaptic membrane. Synapse volume was measured by tracing outlines of consecutive EM sections through the synaptic compartment of interest and multiplying each area enclosed in the outline by the thickness of the optical section (70 nm). Of the 20 synapses analysed, two were shaft synapses; spine volume was therefore measured at the remaining 18 spines (12 single macular synapses, four perforated synapses with the same presynaptic bouton, and two spines each contacting two presynaptic boutons). In many cases the intensity of the DAB staining prevented accurate measurement of the postsynaptic density size. Therefore we measured the synaptic contact area defined as the region of increased (and relatively constant) thickness between the apposed pre-and postsynaptic membranes. At seven of the 20 synapses, the synaptic contact area was not measurable throughout its full extent due to a tangential plane of section. Synaptic contact area was therefore analysed at the remaining 13 synapses. These included two perforated synapses (with two separate clusters of vesicles from the same presynaptic bouton), in which the area of the perforation was included in the measurement of synaptic contact area. Perforated synapses with more than one presynaptic bouton (n 3) were excluded from the analysis.
Presynaptic vesicles were counted at the 17 synapses containing only one presynaptic bouton. Counts were made from all serial EM contact prints without knowledge of the corresponding physiological data: consistency between two observer was Ͼ95%. As the total number of vesicles was quantified within the entire volume of the synapse, application of unbiased counting procedures, such as the disector method, were not required. A vesicle was counted in a given section if its electron-dense perimeter (membrane) was visibly surrounded by a lighter core. While this method may potentially lead to an overestimation of vesicle number due to duplicate counting of a given vesicle in two adjacent sections this error should be consistent at all synapses. Additionally, the section thickness (70 nm) was greater than the vesicle size, suggesting that the error was small. 10 Vesicle profiles were occasionally unobtainable due to section folding. In such cases, vesicle number was estimated by linear interpolation between adjacent sections; data were used only if the amount estimated accounted for less than 10% of spine volume. The addition of estimated data did not appreciably change the correlations that were obtained. Since relative spine size (scaled to the mean spine size for each specimen) was correlated with MSCT frequency, no correction was applied for differential shrinkage in the Z-dimension during ethanol dehydration. 45 In some specimens detergents required in the staining process degraded the ultrastructure.
Confocal microscopy
In addition to EM, confocal microscopy was used for morphological analysis of spines following fluorescence imaging of MSCTs as described above. In these cases cells were fixed with 4% paraformaldehyde in 0.1 M Sörensen's buffer (pH 7.2-7.4, 1.5 h, RT) rinsed briefly in DPBS, permeabilized in 0.2-0.5% Triton X-100 in DPBS (4-5 min, RT), washed with DPBS (3-5 volumes over 5 min, RT) and blocked in 1.5-2.5% normal goat serum in DPBS (4-12 h, 4ЊC). Cultures were washed with DPBS (3-5 volumes over 30 min, RT), incubated with 20 mg/ml avidin-fluorescein in DPBS (Vector; 1-2 h, RT), washed with DPBS (3-5 volumes over 30 min, RT) and mounted on a slide with Antifade in glycerol/DPBS (Molecular Probes, Eugene, OR, U.S.A.). Confocal imaging was performed with a Bio-Rad MRC 600 system attached to a Zeiss Axioskop microscope and a 100 × 1.3 NA Zeiss objective. Serial images (step size 0.54 mm) along the z-axis (z-series) were obtained through the dendritic region of interest and a maximal-intensity projection was used to generate a two-dimensional representation of the spines. A maximal intensity projection flattens three-dimensional images by creating an image of the maximal pixel value for each pixel across the sections. In order for a spine to be selected for measurement, it was necessary to resolve clearly at least one MSCT event initiated at the spine. Since a wide field CCD camera used for MSCT imaging has a lower resolution than a confocal microscope, it was a limiting factor in identifying spines. Therefore, our study was restricted to relatively larger and well-defined spines. 44 Spines that were selected could be clearly resolved from other structures in the maximal-intensity confocal projection image; at least two rows of pixels of lower intensity were between two adjacent spines or between spine head and dendrite. Cross-sectional spine area was quantified using NIH image and Adobe Photoshop.
For statistical analyses, the non-parametric Spearman test was used; the significance level was set to 0.05.
RESULTS

Calcium imaging and parallel ultrastructural analysis of single synapses
We have conducted experiments designed to assess both structure and function at the same CNS synapses. Cultured cortical neurons were injected with fluo-3 and imaging of miniature synaptic calcium transient (MSCTs) was used to map quantal synaptic responses to identified dendritic regions. Co-injection of biocytin allowed the selective staining of the neuron of interest following MSCT imaging. The combined use of MSCT imaging and serial EM reconstruction enabled the comparison of quantal responses at morphologically identified CNS synapses as previously described. 26 
Miniature Ca 2ϩ transient frequency is not correlated with number of synaptic vesicles
Previous studies performed in this laboratory indicate that miniature release rates can vary widely between synapses and are not described by a Gaussian distribution. 31, 48 To identify factors that may contribute to the skewed distribution of miniature frequency, we measured the probability of spontaneous activity using MSCT imaging and subsequently counted the number of vesicles at the same synapses. We observed no significant correlation between the total number of vesicles and MSCT frequency (Spearman r Ϫ0.31, P Ͼ 0.05; Fig. 1A ) or between relative vesicle number and relative frequency (scaled to the mean of each experiment; r 0.05, P Ͼ 0.05). Furthermore, no correlation was obtained between the number of vesicles docked at the presynaptic membrane and MSCT frequency (r Ϫ0.41, P Ͼ 0.05; Fig.  1B ).
Additional parameters of synaptic structure such as spine volume and synaptic contact area failed to show simple linear relationships with miniature response frequency (Fig. 1C, D) . Analysis using a non-parametric Spearman rank-order test also revealed no significant correlation between MSCT frequency and spine volume, and between MSCT frequency and synaptic contact area (P Ͼ 0.05).
To further test the relationship between synaptic structure and miniature frequency we have used confocal microscopy to measure synapse size ( Fig. 2A) . In these experiments neurons were also injected with a combination of biocytin and Ca 2ϩ indicators. 26 MSCT imaging was performed to determine response frequency at 74 spines from five neurons. Using this pooled data set we observed no relationship between response frequency and relative synapse size determined from a confocal projection image (Spearman r 0.07, P Ͼ 0.05; Fig. 2B ).
Recent work 33 suggests that spontaneous release rates for hippocampal synapses may be quite low, 0.002 releasable vesicles/s per synapse. Given that there may be about five vesicles within a readily releasable pool this results in an expected release rate of approximately 0.01/s per synapse. 33 We observed that some synapses had MSCT rates that were more than ten times higher than others. To assess if these synapses represent a distinct subpopulation we examined whether the distribution of MSCTs rates was significantly skewed or was bimodal due to the presence of these synapses. Analysis of the release rate distribution (across synapses) indicated a skew towards synapses with high release rates as observed previously in this system. 48 No evidence was Vescicle number does not predict miniature activity 3 docked vesicle number and the frequency of MSCTs (data not shown). In the case of confocal analysis of synapse size, synapses with elevated release rates (0.03 or 0.05 MSCTs/s) were also excluded from correlation between confocal measurement of synapse size and MSCT rates. Without these synapses a skew in release rates was still observed and the correlation between MSCT rate and synapse area was not improved.
Apparently inactive synapses show normal ultrastructure with docked vesicles
We have observed (Ͼ10) synapses with excitatory synapse morphology (asymmetrical synapses at spines) showing no spontaneous release yet containing docked, presumably releasable, vesicles. For example, the synapse illustrated in Fig. 3a included 11 docked vesicles and 234 total vesicles, yet no spontaneous release was observed at this synapse, indicating that the docked state (defined morphologically) can be stable. 33 Of the 20 synapses that we reconstructed, we found one example of an apparently branched spine in which two synapses were within 2 mm of each other. The three-dimensional reconstruction of this spine from serial EM sections is illustrated in Fig. 3b . Synapse 1, the smaller synapse (143 vesicles), showed a high MSCT rate (0.15/s; 26 events) while the adjacent larger synapse 2 (331 vesicles) did not exhibit any MSCTs during 170 s of image acquisition. Thus, the frequency of miniature transients can vary greatly between adjacent portions of branched spines, apparently independently of their vesicle status or content.
DISCUSSION
It has been widely hypothesized that alterations in synapse structure underlie changes in synapse efficacy. 11, 24 Many experiments have reported structural changes in synaptic populations following manipulations of synaptic strength or following learning 8, 12, 13, 18, 22, 27, 30, 35, 40, 42 (but see Ref. 43 ). Unlike population studies, we have directly compared structure and function at the same synapses. Previous studies 14 have used ultrastructural analysis in combination with patch clamp of single mammalian CNS boutons, although the functional and structural parameters of multiple synapses were not compared.
Experiments in invertebrates indicate that synaptic strength is correlated with the number of synaptic vesicles and synapse size. 4 Structure-function correlations have also been identified in crustacean motor neurons.
7,49 Accordingly, we have measured both the probability of spontaneous activity (MSCT frequency) and the vesicle number in identified mammalian CNS synapses. At synapses reconstructed from serial transmission EM, we observed no correlation between MSCT frequency and either the number of docked vesicles, the total number of vesicles, spine size or synaptic contact area (Fig. 1) . Consistent results were obtained using confocal imaging to measure spine volume (Fig. 2) . Furthermore, we frequently observed presumed excitatory synapses with many apparently docked vesicles (up to 11) that showed no miniature activity over ϳ3 min (Fig. 3a) . These findings contrast with a recent hypothesis that the readily releasable pool, which determines action potential-evoked release probability, may be equivalent to the number of docked vesicles. 9, 38, 41 These results, although preliminary, suggest that miniature release probability may be controlled by factors in addition to the number of morphologically docked vesicles. Conceivably, vesicles that are subject to spontaneous release may represent a subset of the morphologically docked vesicles that have been further "primed" through a mechanism that cannot currently be resolved at the ultrastructural level. 16 Observations that miniature release rates can vary by more than 10-fold between synapses would argue that release probability is not merely determined by the number of available release sites. Alternatively, miniature release rate may be controlled by the density and/or type of Ca 2ϩ channels on terminals (assuming some basal level of channel activity), consistent with observations made from evoked Ca 2ϩ influx in the crayfish NMJ 7 and mammalian CNS terminals. 25 The Ca 2ϩ sensitivity of release mechanisms could also differ between terminals. 3 An important caveat is that MSCT imaging in the current experiments does not sample AMPA receptors. Therefore, these results must be considered preliminary; information about AMPA receptor mediated miniature events must be obtained in order to rule out the possibility that the low frequency and inactive synapses contain solely AMPA receptors. Work in our laboratory is currently addressing this question.
Our imaging method allows spontaneous miniature release rates to be compared at different synapses on the same dendrite; however, it does not permit measurement of release probability under action potential-evoked conditions. Certain agents have been reported to differentially regulate miniature release rate and evoked release probability, 15, 23, 46 indicating some expected divergence amongst release mechanisms. Although this is a potential limitation, a large body of evidence suggests that miniature and evoked release probabilities are regulated in parallel at presynaptic terminals. For example, changes in evoked release probability following short-term 50 and long-term 2,28 synaptic enhancement are paralleled by changes in miniature release frequency. While parallel regulation of miniature and evoked release does not imply identical mechanism, 23 it does suggest that vesicles for spontaneous miniature and action potential-evoked release are drawn from the same pool and are therefore subject to common mechanisms of regulation. 38 Results from our laboratory, using imaging of presynaptic vesicular turnover with FM1-43, indicate a significant correlation between miniature frequency and evoked release probability at single cortical neuron synapses. 37 Furthermore these FM 1-43 experiments indicate that the vesicle pool size (a measure of synapse size) as determined by FM1-43 does correlate, albeit weakly (r 0.59), with the probability of miniature synaptic activity. The reasons for this discrepancy (in relation to the current study) may be due to the fixation conditions used, as we did not attempt to fix preparations rapidly. 20, 21 However, studies of Rosenmund and Stevens 39 suggest that glutaraldehyde fixation does not promote loss of vesicles. Furthermore, other more indirect measures of vesicle pool size such as synapse volume (measured by confocal microscopy) did not reveal a significant correlation with MSCT rate. A conceivable explanation for the discrepancy of the FM1-43 data with the present data is that MSCT imaging provides a more sensitive measure of release frequency than FM1-43 imaging since it can detect synapses that only show single miniature release event. In contrast, our FM1-43 experiments 37 were only able to detect synapses with relatively higher levels of activity (10s-100 release events within Vescicle number does not predict miniature activity 5 synaptic activity, release events may not always successfully activate postsynaptic receptors. A lack of postsynaptic receptor activation would be surprising given that vesicle release is thought to be both rapid and complete. 5 Furthermore, results from MSCT imaging in cultured cortical neurons 47 indicate that when synapses express both AMPA and NMDA responses, each receptor type is activated during repeated trials of transmitter release indicating ready access of transmitter to receptors. However a recent report in chromaffin cells suggests that vesicles are capable of either complete fusion or "kiss and run" transmitter release depending on the concentration of extracellular calcium. 1 Moreover, NMDA and AMPA type glutamate receptors can be differentially distributed among synapses. 17 Therefore, some spines that we find apparently inactive by means of NMDA receptor mediated Ca 2ϩ influx may potentially constitute a subpopulation of synapses with a strong preference for expressing AMPA type receptors, and would thus be NMDA-"silent". Further investigation of this interesting problem using immunogold labeling of glutamate receptor subtypes was prevented by an incompatibility with our currently used peroxidase based staining protocol.
Potential limitations of our structural studies include errors in measurement of miniature synaptic activity frequency. These errors would arise from cases where relatively few events are used to calculate frequency. For example, if a synapse showed only three events the coefficient of variation for the frequency measurement would be Ͼ50% ( √ 3/3). Our results indicate that some synapses can have more than 10-fold higher rates of miniature release than their neighbors on the same dendrite. 48 It is possible that the rates of release we observe may be artificially elevated at selected synapses when compared to estimates made using other methods. 33 Conceivably, photodynamic damage to presynaptic terminals could account for the difference in release rates between synapses. However, we believe that this is an unlikely scenario (in this system) given that the presynaptic neuron is devoid of calcium indicator and thus would not absorb fluorescent light and be damaged. Yet, it is still possible that (through some undefined mechanism) damage to postsynaptic elements may exacerbate spontaneous presynaptic release. Again this is also unlikely since we do observe profound differences in spontaneous release rates between adjacent synapses that are present on the same dendrite that would be subject to similar levels of damage. Furthermore, analysis of data sets in which synapses with high rates of miniature synaptic activity were excluded did not improve correlation between measures of presynaptic terminal size and release rates.
In summary, we have examined the link between vesicle number and miniature release rate. In contrast to invertebrate studies our findings are largely negative. We suggest potential technical limitations of our study and hope that these might benefit others working in this field.
